Abstract-Distributed generation inverters have become a key element to improve grid efficiency and reliability, particularly during grid faults. Under these severe perturbations, inverter-based power sources should accomplish low-voltage ride-through requirements in order to keep feeding the grid and support the grid voltage. Also, rated current can be required to better utilize reactive power provisions. This paper presents a reference generator capable to accomplish these two objectives: to keep the injected currents within safety values and to compute the power references for a better utilization of the inverter power capacity. The reference generator is fully flexible since positive and negative active and reactive powers can be simultaneously injected to improve ride-through services. Selected experimental results are reported to evaluate the performance of the proposed reference generator under different control strategies.
the possibility of voltage collapse. The next generation of grid codes could demand negative sequence current injection when needed [2] and rated current to better exploit reactive power provisions [3] . Under these requirements, improved services could be attended, and new control schemes may be developed. The new distributed nature of these power systems allows for a wide range of control strategies since DG is required to operate flexibly and to enhance the services provided to the grid.
To avoid the disconnection of power suppliers, the injected phase currents should be safely controlled at any instant. The problem of controlling the amplitude of the phase currents becomes more complex during unbalanced grid faults, mainly because of the trend of simultaneously injecting active and reactive powers via positive and negative sequences. In such cases, the injection of positive and negative sequence powers inherently induces different amplitudes in the injected phase currents. However, some interesting benefits can be obtained with these flexible strategies as will be shown later. It should be mentioned that a different approach to control the amplitude of the injected currents could be to find the current references instead of the power references. However, the power approach is mostly used in power converter control.
Thus, a fully flexible reference generator with peak current limitation, which is the main contribution of this paper, can be useful to develop novel strategies and to avoid overcurrent tripping. These new requirements are emerging from grid operators due to the fact that DG participation in the total power production is constantly increasing. Therefore, inverter-based DG is one of the key components to flexibilize the operation during voltage sags and to define the behavior of grid-connected power systems under such contingencies.
From the source's point of view, the main problem during grid faults is the loss of power capacity to inject the active power production. As a result, dc-link voltage begin to increase and can lead to inverter tripping. To avoid this problem, some safety mechanisms must be activated, for example, crowbars to eliminate the excess of active power production or to develop ride-through strategies to minimize the problem.
Advanced control algorithms for low-voltage ride-through are mainly based on symmetric sequences [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Some of these studies have been proposed to achieve particular control objectives related to the current loop, power oscillations, power quality, dc-link ripple, or voltage support during grid faults. However, few works have been developed for peak current limitation during unbalanced voltage sags [13] [14] [15] [16] [17] [18] [19] , and they are not fully flexible since only particular cases are investigated 0278-0046 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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to simplify the study. In [13] , only active power is injected, and no limitation is considered. In [14] [15] [16] [17] , only reactive power is taken under consideration. In [18] , only some of the control proposals ensure peak current limitation. Finally, Lee et al. [19] develop a very interesting work, although negative sequence active power is not considered. Previous works in peak current limitation lack the fully flexible operation during unbalanced voltage sags, which is the main objective of the proposed work. The control approach presented in this paper computes the power references for different lowvoltage ride-through strategies while maintaining the injected current safely controlled to a predefined maximum value. The proposed reference generator with peak current limitation can be fully tuned to achieve different low-voltage ride-through strategies by selecting an active and a reactive control gain. The selection of these control gains will be discussed and depends on two main aspects, a lookup table defined by the grid operators for high rated power plants depending on the sag depth or an online selection to achieve particular ride-through strategies, for example, the new phase power equalization strategy when low power systems are considered. These two methods for selecting the gains are developed along the work, and to demonstrate the flexibility of the reference generator, the phase power equalization and the active power curtailment strategies are validated by means of experimental tests.
Thus, the contribution of this paper is twofold: first, to integrate a fully flexible peak current limiter and, second, to develop novel low-voltage ride-through strategies to improve the performance against grid faults. The first contribution ensures that the power inverter can inject power into the grid without exceeding the maximum allowable phase current. Therefore, it can avoid the overcurrent tripping and the disconnection. The second contribution presents some flexible operation modes to ride through voltage sags. These two contributions present some advantages with respect to previously works proposed in the literature: The reference generator is fully flexible, the proposal can prioritize between active and reactive powers according to external requirements, and an easy mechanism of tuning two control gains allows for different services during sags. This paper is organized as follows. Section II introduces the DG plant and the control scheme during grid faults. Section III develops the reference generator with a peak current limiter. Section IV presents the different ride-through services and shows the resulting benefits by means of experimental tests. Finally, Section V concludes this paper.
II. PLANT AND CONTROL
DG inverters are considered a key element to improve grid operation. Among the inverter architectures, full-scale power converters are becoming the preferred choice in wind turbine technology because of their flexibility [20] . To attain this flexibility, the control schemes must be adapted to fulfill stringent fault requirements. In this section, two basic aspects of gridconnected DG inverters are described: first, the basic plant configuration with the main elements involved during grid faults and, second, the control parts required to develop the proposal for any voltage sag. Fig. 1 shows the typical configuration of a three-phase threewire grid-connected inverter. The complete system is composed of the power source, the inverter, and the grid. The interconnection between the power source and the inverter is operated by a dc-link capacitor. The inverter consists of a three-leg voltage source inverter with an LCL filter, or an LC filter plus a stepup transformer. Finally, the inverter is connected to the grid at the point of common coupling (PCC). The grid is modeled as an equivalent RL impedance in series with an unbalanced voltage source.
A. Plant Description
A key aspect in DG power control during grid faults is the type of power source. Fig. 2 shows the future trend for megawatt size wind turbines. A full-scale power converter between the generator and the grid allows for higher flexibility, although switching losses are increased [21] . The wind power source scheme presented in Fig. 2 shows an ac-to-dc stage followed by a dc-to-ac inverter which is the focus of this study. In between, the dc link is in charge of balancing power transfer as previously stated for Fig. 1 . Also, a crowbar is required in this type of power converters to avoid dc-link overvoltage during grid faults. The crowbar activates when more active power is produced than injected into the grid. To simplify the study, the proposed control scheme is focused on the inverter side control as presented in Fig. 1 .
B. Control Under Grid Faults
The behavior of the three-phase inverter under grid faults is determined by the injected current at the PCC. Thus, a proper current-mode control to ride through voltage sags is required. Fig. 3 shows the control block diagram during grid faults.
The inputs of the controller are the measured phase voltages at the PCC v, the currents i flowing through the L i inductor, and the dc-link voltage v dc . Voltage v and currents i are transformed into the αβ domain by using the Clarke transformation. Voltages v α and v β are then decomposed into symmetric components using a sequence extractor. Many sequence extractors can be found in the literature to extract voltage sag information [22] [23] [24] [25] [26] [27] [28] [29] . In addition, a dc-link voltage regulator is in charge of the active power reference P to keep the power balance. Next, the reference generator block is the kernel of this proposal since it processes the grid voltage for any given grid fault and obtains the set points that limit the peak current to a predefined value. Hence, the phase currents can be safely controlled. 
III. CONVENTIONAL VERSUS PROPOSED CONTROL
This section develops the step-by-step procedure to keep the injected currents safely controlled during grid faults. First, the conventional power references for the balanced grid case are developed, and then, the proposed reference generator for unbalanced faults is derived.
A. Conventional Control for Balanced Grid Voltages
Assume that the active power production in some time interval is P . Due to external requirements, the inverter is forced to support the grid with reactive power Q and should deliver the rated current of the inverter I max . The objective is to improve the utilization of reactive power provisions by setting the reactive reference to some value such as
where I a , I b , and I c are the amplitudes of the phase currents. Using the Clarke transformation for three-wire systems, the stationary reference frame voltages are
It should be noted that v α = V cos(ωt) and v β = V sin(ωt), with ω being the grid frequency. From the basic power theory, the instantaneous active and reactive powers are
Developing (3) and (4), the reference current generator can be formulated by using the reference powers P and Q as [30] 
Assuming that the current loop is fast enough and properly tuned (i.e., i α = i * α and i β = i * β ) and using inverse Clarke transformation, the amplitudes of the phase currents are obtained
Finally, substituting I a = I max in the previous expression allows to limit the injected current to a predefined value. Solving (7) for Q, the reactive power reference which ensures a safe control of the injected currents is obtained
From (8), two aspects should be noticed: First, the maximum active power production should comply with 3I max V ≥ 2P which clearly indicates the loss of power capacity when the voltage drops, and second, by injecting the computed reactive power Q, the currents are safely controlled to the predefined value.
B. Proposed Control for Unbalanced Grid Voltages
The previous section was devised for balanced grid conditions. However, the same reasoning can be applied to unbalanced grid conditions as proposed hereinafter. The same control objectives as the balanced case can be formulated for the unbalanced scenario: Feed the grid with the active power production, support the grid with reactive power, and inject the rated current of the inverter. Also, due to the voltage imbalance, the fully flexible control proposal can achieve these objectives by injecting different amounts of active and reactive powers via positive and negative sequences in order to obtain different ridethrough services.
During unbalanced grid voltages, the positive and negative sequence voltages v 
where V + and V − are the amplitudes of the positive and negative sequence voltages, respectively, and ϕ + and ϕ − are the phase angle jumps. The phase angle between sequences is defined as
It should be noted that
To further characterize the unbalanced voltage, the following is required:
Moreover, to compact the notation, the voltage unbalance factor u is defined as [31] 
Similar to (3) and (4), the power components during unbalanced grid conditions are
where p + and p − are the positive and negative instantaneous active powers, respectively, q + and q − are the the reactive ones, and p and q are oscillating terms at twice the grid frequency with zero mean value. The formulation for the power components is as follows:
The current reference generator under these unbalanced conditions becomes
The total reference current in each channel is
To further detail the current components, note that each expression in (27) - (30) has a positive and a negative-sequence term
Furthermore, the positive-and negative-sequence currents in (21)- (26) are
Note that the current reference generator in (27)-(30) has four degrees of freedom: P + , P − , Q + , and Q − . Hence, there exist multiple combinations of these power references which can ensure peak current limitation. The objective of the proposed control scheme is to impose some relations among P + , P − , Q + , and Q − to achieve different ride-through services. A method, for example, is to define active k p and reactive k q control gains as
Since P + + P − = P and Q + + Q − = Q, it can be observed from (37) that
From (37)-(39), four degrees of freedom still exist: k p , k q , P , and Q. However, the physical meaning of these values is different from P + , P − , Q + , and Q − . This method to derive the reference currents allows for simpler ride-through services as will be shown in the next section. Therefore, by selecting k p → 1 for example, P + → P , and the active power tends to be injected via positive sequence. However, by selecting k p → 0, P − → P , and the tendency is to only inject negative sequence active power. The same reasoning holds for k q and the reactive components.
Similar to the voltage sequence amplitudes, the amplitudes of the positive and negative sequence currents can be derived. By inserting (9)- (12) and (37) into (27)-(30)
where I • delayed and that the same applies to negative sequence components, then
Developing (27)- (30) and (40)-(45) and applying inverse Clarke transformation, the amplitudes of the phase currents are obtained
where
When (40)- (45) are inserted in (46)-(49), only one variable Q remains unknown since P is derived from the active power production of the power source, and k p and k q are externally selected to achieve different ride-through services as will be shown in the next section.
An in depth analysis of (46)- (48) shows that there exists a separate solution for Q in each expression that ensures peak current limitation, i.e., there exists a solution labeled Q a which complies that I a = I max , another solution for Q b to set I b = I max , and, finally, the last solution Q c for I c = I max . Among these three solutions, the minimum of the three reactive power solutions ensures that the maximum phase current will be safely controlled to the rated value
These three solutions can be unified into one single expression. The solution for the reactive power reference which ensures the peak current limitation is as follows:
and ϕ can only take three different values
to obtain the three different solutions Q a , Q b , and Q c , respectively. It is worth mentioning that a current approach instead of a power approach can be developed to ensure peak current limitation. In such a case, the positive and negative references for the active and reactive powers P + , P − , Q + , and Q − will be replaced by the amplitude of the active and reactive currents I 
C. Numerical Example
Assume that an unbalanced voltage sag occurs with the following PCC measures: V + = 140 V, V − = 40 V, and ϕ = −50
• . The active power production is P = 700 W, and the network operator demands to inject reactive power and rated current of the inverter I max = 10 A. Also, due to the unbalanced nature of the grid voltage, some positive and negative sequence powers are required, for example, k p = P + /P = 0.9 and k q = Q + /Q = 0.5. As previously stated, only Q remains unknown [see (38) and (39)].
Substituting previous data in (51)-(54), three reactive power references should be computed. The solution for phase a is obtained when ϕ = ϕ, and the resulting value is Q a = 1829 VAr. For the phase b, ϕ = ϕ + (2/3)π, resulting in Q b = 806 VAr. Lastly, for phase c, ϕ = ϕ − (2/3)π, and the reactive power reference is Q c = 1014 VAr. Finally, to ensure the safe current control, the minimum of the three previous results is selected [see (50)], and the reactive power reference is min{Q a , Q b , Q c } = 806 VAr.
Once the total reactive power reference has been computed, the components for positive and negative active and reactive powers are all known:
VAr, and Q − = (1 − k q )Q = 403 VAr. These references are passed to the reference generator in (27)- (30) . As expected, the peak currents when selecting this strategy are I a = 4.0 A, I b = 10.0 A, and I c = 7.8 A. Hence, the objectives of the reference generator are simultaneously accomplished: 1) injection of the maximum inverter current I max ; 2) injection of the active power production P ; 3) injection of reactive power Q to support the grid voltage; 4) balance of the amounts of the positive and negative active and reactive powers.
IV. CONTROL STRATEGIES
In this section, two control strategies are developed. The strategies share a common objective: Limit the maximum peak current to a safe predefined value I max , which has been selected as 10 A throughout this paper due to the experimental limitations. Also, the selection of the control gains is discussed during the strategies since the proposed reference generator is capable to provide some services by selecting appropriately the value of k p and k q . The first test presents a phase power equalization strategy in combination with the peak current limiter. The final purpose of this strategy is to show the capability of the reference generator to fix the desired behavior even in timevarying voltage sags, for example, to dynamically change the values of the gains to achieve a given objective, which is the equalization of the amount of power injected in each phase.
The second strategy deals with higher active power production and high priority for reactive power requirements, for example, the requirements from grid operators to support the grid voltage in inductive grids with high contribution of the DG to the total power of the grid. In this second strategy, the proposed reference generator in (51)-(54) is formulated for the active power reference P instead of Q. Then, the active power reference is online computed to feed the grid according to the remaining current capacity of the inverter. The active power curtailment strategy is required in present grid codes where supporting the grid during grid faults is mandatory. Under these perturbations, the reactive power has higher priority, and the active power is balanced depending on the sag depth. However, actual grid codes are only focused on positive sequence active and reactive powers. Thus, the proposed strategy goes one step beyond to further explore the capabilities of these systems during unbalanced sags. At the end of the experimental strategies, a detailed evaluation of each one is discussed.
The results for each control strategy are experimentally tested under the same grid fault, which is presented as a base test for comparison.
A. Base Test
Based on the scheme in Fig. 1 , a test platform has been built using an Amrel SPS-800-12 dc power source, a Semikron three-phase insulated-gate bipolar transistor bridge with LCL filter, and a Pacific Power AMX ac power source to emulate the grid and get repetitive faults. In Table I , the nominal values of the system parameters are collected. The control algorithm is implemented on a Texas Instruments TMS320F28335 floating point digital signal processor. The controller includes four main parts: 1) sag detector; 2) sequence extractor; 3) proposed reference generator; 4) proportional+resonant current controller.
The sag detector detects the grid fault by computing the phase voltage root mean square values. Once the fault has been detected, the ride-through process is started. The sequence extractor processes the voltage measurements to extract voltage sequences at run time. The digital implementation of the extractor is based on [23] and the last one grid cycle approximately to update their values. The next stage during the implementation corresponds to the proposed reference generator to limit the peak current injection (51)-(54). This stage constitutes the focus of this paper. Finally, the reference currents are compared with the measured currents in a proportional+resonant controller to compute the duty cycles of the inverter switches.
A voltage sag has been programmed into the ac power source. The characteristics of the voltage sag are presented in Fig. 4 . The sag is time varying and has two transient segments to emulate the real behavior of complex grid faults. Instantaneous phase voltages are plotted in the top of the figure, the rms values in the middle, and the amplitudes of the positive and negative sequence voltages in the bottom part.
B. Phase Power Equalization
As previously stated, the flexible reference generator can perform several ride-through strategies to achieve particular services during grid faults. Some of these strategies have been previously presented in the literature, for example, the minimization of dc-link voltage oscillations [6] . In the following section, the phase power equalization is first presented and developed.
The purpose of this strategy is to equalize the active and the reactive power of each phase, i.e., to inject the same mean active and reactive powers in each phase
This strategy is of interest for local loads that require special attention, for example, constant power loads. These loads are characterized by consuming constant power regardless of the grid voltage. Therefore, these elements, which are mostly interfaced by switched converters, could improve their grid fault immunity [32] , [33] . Also, the safe control of the injected currents must be ensured. The test objectives can be summarized as follows. 1) Keep feeding the grid with the same active power production as that before the sag, i.e., P = 400 W. 2) Inject the rated current of the inverter I max = 10 A by supporting the grid voltage with reactive power Q. 3) Select the control gains k p and k q in such a way that active and reactive phase powers were equalized. The active and reactive instantaneous powers in each phase can be expressed as
where p a , p b , and p c are the instantaneous active phase powers, q a , q b , and q c are the reactive ones, P a , P b , P c , Q a , Q b , and Q c are the average or dc quantity of their corresponding phase powers, and p a , p b , p c , q a , q b , and q c are oscillating terms with zero mean value. Developing these expressions for phase a, the following is obtained:
From (56), (60), and (61), the control gain selection to equalize the phase powers should be selected as
(62) 5 shows the results for this equalizing strategy. As can be seen in the top of the figure, the injected currents show the proposed peak current control. Note that the currents are unbalanced, but the maximum amplitude is safely limited to 10 A, as expected. In the second subplot, the instantaneous active phase powers are shown. These values have been computed according to (57)-(59). Although each phase has different oscillation amplitudes p a = p b = p c , the mean value of each phase power is equal in the three phases, P a = P b = P c = P/3 = 400/3 W, as can be shown from the third plot where the average values over one grid cycle are computed. The same applies for the instantaneous reactive phase powers shown in the fourth subplot, and the average values Q a = Q b = Q c = Q/3 which are shown hereinafter in the graph. The average reactive power evolves as the sag does in order to achieve the proposed objectives. Two important remarks are derived from this graph: The current is limited by the proposed reference generator regardless of the time-varying voltage sag, and the same average active and reactive powers are injected in each phase, as expected from this strategy.
C. Active Power Curtailment
Power curtailment during grid faults is an important issue for DG power plants. The deeper the grid fault, the higher the reactive power requirements from network operators [3] . In extreme cases, 100% of reactive current is required. However, in sags produced far away from the connection point, both active and reactive powers must be injected in order to simultaneously feed and support the grid. The problem becomes more complex when the active power production is high. In such a case, it is possible that the reactive power requirements plus the active power production exceed the rated current limit. Therefore, the excess of production must be removed from the system in order to avoid dc-link overvoltage and tripping of the inverter. A method for this protection is the activation of dc-link crowbars (see Fig. 2 ). Assuming that the network operator demands a certain amount of reactive power and a certain strategy for the active and reactive powers, it may be necessary to retail the injection of active power according to these needs.
The proposed reference generator can deal with these requirements by solving (46)-(49) for the active power reference
The same procedure as explained in Section III-B applies for this solution.
This strategy could have an important role in the behavior of the inverter-based DG power systems during voltage sags. The grid operator can prioritize the voltage support and balance the amount of positive and negative sequences to change the voltage profile at the PCC. Grid operators can define this behavior by defining a lookup table that sets the values for k p and k q in different scenarios.
The next test shows how to inject the maximum active power P when the reactive power reference Q and the gains k p and k q have been externally selected. The active power production before the fault is P = 1000 W, and the network operator states that Q = 800 VAr (67)
Then, the new value for the active power can be computed based on (63)-(66) to keep the maximum current amplitude equal to I max = 10 A. Fig. 6 shows the results of the proposed strategy. Phase currents are displayed in the top of the figure. As expected, peak current limitation is ensured. In the middle, the amplitude of the positive and negative active and reactive currents, computed as (44) and (45), are shown. Finally, in the bottom of the figure, the active and reactive injected powers can be appreciated. Before the fault, 1000 W of active power feeds the grid; however, external requirements demand Q = 800 Var and impose some restrictions among positive and negative powers. As a result, the active power injection drops to keep the injected currents safely controlled to the predefined value. As previously stated, the difference between active power production and grid injection needs to be removed from the inverter to avoid dc-link overvoltage.
It is worth to mention that the selection of the control gains in previous strategies holds for this new active power reference computation. Therefore, the same benefits of other strategies can be adapted to an active power curtailment solution instead of a reactive power one.
D. Discussion on the Flexibility of the Proposed Control
Based on the aforementioned set of experiments, further discussion is required. The main contribution of this paper is the reference generator presented in (51)-(54) which can be reformulated to prioritize the reactive power injection as shown in (63)-(66). The control proposal could be applied to different sizes of power converters, from high to low rated power. In these extreme cases, different smart settings could be developed for each type of power source, although the proposed reference generator can deal with these two extreme policies flexibly. The most important application of the proposal is to provide inverter-based power systems with a mechanism to fully explode the capacities of the power converter in a safe way during unbalanced grid voltages. The importance of this flexible operation is the wide range of possible strategies that could be developed in a compact solution.
The main advantage of this reference generator is its fully flexible operation, capable to balance the amounts of positive and negative active and reactive powers while keeping the injected current safely controlled to a predefined maximum value. This flexibility allows to define the behavior of the system in different scenarios, to increase the system efficiency and the immunity against voltage sags, or to better support the grid voltage by improving the voltage profile at the PCC, therefore contributing to avoid sudden tripping and cascade disconnection. Otherwise, the main disadvantage of the proposed reference generator is the complexity of the control compared with conventional schemes. Even if the complexity of the algorithm seems high, the computational overhead of the reference generator is low for the embedded architecture and supposes less than 7% of the total time required for the whole control algorithm.
It should be mentioned that the strategies can be online switched as required since the computation of the power references is done based on PCC grid voltages. Then, only a fast sequence extractor is needed to implement the proposed reference generator. Also, the experimental tests have shown good dynamics even for voltage step changes during the sag which can emulate the behavior of grid faults in weak grids.
E. Discussion on the Selection of k p and k q Values
Once the advantages, disadvantages, and applications have been discussed, the selection of the parameters of the reference generator is discussed. When a sag perturbs the grid, one of the main questions is to decide how the inverter should behave during the fault. The behavior of the power source during grid faults is an open research topic. Therefore, the main objective of the proposed reference generator is to contribute with a flexible control scheme capable to safely inject the maximum rated current of the inverter and improve the power capacities during contingencies. The decision on which strategy is the best for a given scenario is difficult to attain. The answer to this problem depends on many aspects: the grid impedance, the rated power, and the type of grid fault, among others. All these parameters should be analyzed to design the values of k p and k q that will result in an improved ride-through strategy. In the following, three scenarios are analyzed to discuss the possible strategies.
The first scenario deals with a voltage sag in a stiff grid with a DG source with small contribution to the total power of the grid. In such a case, no voltage support control can be obtained since the reactive power will produce small effects on the voltage at the PCC, and some strategies such as the phase power equalization can be well suited for local loads as stated previously.
The second scenario presents a voltage sag in a grid with high resistive behavior. Under these considerations, to improve the voltage profile at the PCC, positive and negative active powers are required. Therefore, grid operators can define smart control objectives by setting the values of k p accordingly.
The third scenario is similar to the previous one, although the grid is mainly inductive and weak, and a high rated DG power source is considered. Opposite to the previous scenario, the selection of k q will have a great impact on the voltage profile at the PCC. Then, voltage support services can be better obtained with this strategy, particularly if the plant has a great contribution to the total power of the grid [17] .
Since the mainly resistive or mainly inductive scenarios do not hold for all DG power plants, the affectation of the proposed reference generator on the grid voltage can be obtained from the following expressions [34] (see Fig. 1 for details) :
As can be shown from (70), (71), and (40)-(43), the best decision on the selection of k p and k q is difficult to attain, although grid operators can define some basic rules that will contribute with better strategies during grid faults. For threephase voltage sags, k p and k q will be near 1 since only positive sequence voltage should be increased. For one-or two-phase voltage sags, a balance between positive and negative sequences should be considered to mitigate undervoltage in the faulty phase(s) and to avoid overvoltage in the nonfaulty phase(s). In mainly inductive grids, k q will have more impact on the PCC voltage, while in resistive grids, k p will produce higher voltage variations as stated previously.
V. CONCLUSION
This paper has presented a reference generator for threephase grid-connected inverters operating under unbalanced voltage sags. Two control objectives are simultaneously accomplished: to control the amplitude of the injected currents and to exploit the power capacity of the inverter. Therefore, DG power plants can avoid overcurrent tripping while flexibly helping to mitigate the adverse effects of grid faults.
The main contribution of this paper is the development of a reference generator either for active or reactive power for any given unbalanced voltage sag. The control proposal is capable to balance the amount of positive and negative sequence powers by setting two control parameters. Also, a novel ride-through strategy has been developed as a second significant contribution of this paper to show the flexible behavior of the main proposal.
The mathematical formulation proposed in this paper ensures the following: 1) The phase currents are controlled within safety limits; 2) the algorithm is fully flexible to set the positive and negative active and reactive power references; and 3) the selection of the control strategy can improve voltage ridethrough services.
The proposed reference generator had shown a fairly good dynamic behavior for time-varying complex voltage sags as presented in the aforementioned set of experiments. Several control strategies have been developed in order to cope with different requirements.
With the proposed reference generator, the grid operators can prioritize supporting or feeding the grid while also defining smart values for the control gains k p and k q that help to regulate the phase voltages at the PCC or to derive ridethrough strategies. The selection of these values is an open research topic. Further work should be developed to help the grid operators in the definition of operational strategies during severe perturbations and different grid scenarios. His research interests include networked and embedded control systems, industrial informatics, and power electronics.
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